Introduction {#section1-2041731412472690}
============

Cell separation is a powerful tool, which is widely used in many strands of biological and biomedical research and in clinical therapy. For research, the ability to sort cells into distinct populations enables the study of individual cell types isolated from a heterogeneous starting population without (or with greatly reduced) contamination from other cell types. This technology underpins many discoveries in cell biology and is further enabling research in areas as diverse as regenerative medicine, cancer therapy and HIV pathogenesis.^[@bibr1-2041731412472690][@bibr2-2041731412472690]--[@bibr3-2041731412472690]^

In terms of clinical usage, therapeutic cell separation allows for the introduction of enriched cell populations to a patient with a clinical need for those cells, for example, separation of leukocytes by aphaeresis or enrichment of haematopoietic stem cells by immunomagnetic separation.^[@bibr4-2041731412472690],[@bibr5-2041731412472690]^ It also enables the enumeration of cells within an individual's blood system and can aid repopulation of the immune system, for example, in multiple sclerosis patients who have undergone immunoablation treatment.^[@bibr6-2041731412472690]^

Currently, most regenerative treatments based on cell separation are restricted to tissues such as blood and bone marrow.^[@bibr5-2041731412472690],[@bibr7-2041731412472690]^ Recently, however, advances in stem cell therapy, tissue engineering and regenerative medicine are showing the potential for clinical cell-based therapies using cells derived from a variety of tissues, such as adipose and intestine.^[@bibr8-2041731412472690],[@bibr9-2041731412472690]^ The use of highly selective cell separation procedures in clinical cell-based treatments has the potential to improve the quality of repair and the subsequent clinical outcome. Because of this potential, there is an increasing usage of these methodologies in the fields of tissue engineering and regenerative medicine, which has resulted in an increasing number of researchers using, or wanting to use, cell separation technologies. These researchers are drawn from a diverse range of backgrounds, not all of whom are necessarily based in biology. Indeed, the increasing demand for cell separation in multiple disciplinary research fields is not restricted to tissue engineering and regenerative medicine; cell sorting is also being used in many other areas such as biochemistry, electrical engineering, physics and materials science.^[@bibr10-2041731412472690][@bibr11-2041731412472690][@bibr12-2041731412472690]--[@bibr13-2041731412472690]^

A multitude of cell separation techniques currently available to researchers are based on three core themes: density, adherence and antibody binding, with many points of crossover between these different themes. New techniques incorporating microfluidics combined with a variety of cellular properties are also in development. Despite the differences between different cell separation techniques, they share common problems and pitfalls, which can at best hinder research progress and at worst give rise to erroneous data. Many of these technical problems and pitfalls are only applicable to certain techniques, whereas others are universal regardless of the method of separation. Other difficulties can arise in the experimental planning stage, where there can be a lack of understanding in identifying appropriate controls. Finally, there is a potential lack of clarity in the terminology used around cell separation methods, which can lead to confusion and a misunderstanding of the analytical measures required.

This review is written taking cognisance of the diversity of backgrounds and expertise of those researchers wishing to use cell sorting methods. The aim is not to produce a detailed step-by-step guide for each methodology but to offer potential solutions when common difficulties arise and provide clarity in areas of ambiguity related to experimental preparation and terminology.

Cell separation techniques {#section2-2041731412472690}
==========================

A large variety of cell separation methods are currently commercially available, these are predominantly based on three methodologies: adherence, density and antibody binding. New techniques are being developed that utilise microfluidic technologies and take advantage of a variety of cellular properties such as elasticity in response to acoustic waves and membrane polarisation in a non-uniform electric field.^[@bibr14-2041731412472690],[@bibr15-2041731412472690]^ However, these techniques are mostly still experimental and not yet available commercially for research. The choice of separation method depends upon a variety of factors, and each methodology has benefits and drawbacks that affect its applicability in a given situation. In this section, we will briefly outline the three overall methodologies with specific examples of each.

Adherence {#section3-2041731412472690}
---------

Techniques that utilise cellular adherence are some of the most simple methods used for cell separation and are routinely used when isolating cells from digested or explanted primary tissues ([Figure 1](#fig1-2041731412472690){ref-type="fig"}). An example of simple cell separation by adherence is the isolation of dental pulp stromal cells from whole digested dental pulp. In this technique, enzymatically digested dental pulp is filtered and plated directly onto tissue culture plastic, and following a period of culture, the adherent stromal cells are passaged.^[@bibr16-2041731412472690]^ This technique benefits from being very simple and cheap, but it is not at all specific and relies on the cells of interest adhering and in some instances rapidly proliferating to outcompete other adherent cells in the suspension, such as neurons and monocytes. Adherence can also take time leading to some uncertainty as to the success of a separation. Recently, techniques based on cell adherence, such as differential binding of cells to polymer brushes of varying lengths, grafted to glass surfaces, have been developed and these are currently being refined.^[@bibr17-2041731412472690]^ However, despite this progress, current uses of adherence sorting are mostly only applicable when cell purity is not of concern and isolation of various subpopulations is not required.

![Diagram detailing cell separation by plastic adherence. (a) Whole tissue is disrupted into a cell suspension by enzymatic or mechanical means or a combination of both (separations of blood or bone marrow aspirate do not require this step). (b) Following disruption, the cells can be passed through a filter to remove cell clumps (c) giving a single-cell suspension, which will be added to (d) an adherent surface, and after a period of culture, (e) adherent cells can be observed.](10.1177_2041731412472690-fig1){#fig1-2041731412472690}

Density {#section4-2041731412472690}
-------

Density-based techniques are now mostly based on the use of centrifugation, although historically sedimentation-based methods have been employed.^[@bibr18-2041731412472690]^ Techniques based on centrifugation are commonly used in many laboratories and are also routinely used clinically. The ability to sort large numbers of cells based on their density, relative to a graduated separation medium (usually sugar based), makes these techniques particularly applicable for separations involving the use of blood ([Figure 2](#fig2-2041731412472690){ref-type="fig"}), which contains 4 × 10^9^ to 6.5 × 10^9^ cells/mL. Indeed, the most commonly used clinical cell separation method is aphaeresis of whole blood to isolate mononuclear cells for treatment of a variety of conditions, including leukaemia.^[@bibr19-2041731412472690]^ However, despite the large-scale use of density-based methods, there are still problems with specificity as the differing densities of different cell populations are, in some instances, not large enough to be able to separate out individual cell types. These problems can be overcome by performing repeated centrifugations using differing concentrations of centrifugation medium and differing angular velocities. By using these techniques, it is possible to isolate different cell types from a complex mix, including disrupted solid tissues ([Figure 3](#fig3-2041731412472690){ref-type="fig"}) such as mouse liver.^[@bibr20-2041731412472690]^ However, although technically feasible, this is still challenging to perform with high specificity. As such, centrifugation methods are generally used if specificity is not absolutely necessary, as in aphaeresis, or as a pre-enrichment stage to remove cells like red blood cells and platelets.

![Diagram detailing whole blood cell separation by density gradient centrifugation. (a) Initially, whole blood is diluted with saline buffer, and (b) this is then carefully layered on top of the centrifugation medium contained in a conical tube avoiding any mixing of the two phases. (c) Following centrifugation, at the appropriate velocity without braking, distinct phases can be observed; 1 -- plasma, 2 -- interphase containing mononuclear cells, 3 -- centrifugation medium and 4 -- erythrocytes and granulocytes; cells can then be aspirated from the interphase.](10.1177_2041731412472690-fig2){#fig2-2041731412472690}

![Diagram showing separation of solid tissue--derived cells by density gradient centrifugation. Tissues are (a) dissociated and (b) filtered to give (c) a single-cell suspension. (d) This suspension is carefully layered over a centrifugation medium avoiding mixing to give (e) two distinct phases, which can then be centrifuged to give (f) a cell-rich interphase between the centrifugation medium and the cell suspension buffer. (g and h) It is possible to isolate different cell fractions by removing cells from the supernatant or the interphase and then recentrifuging them at different concentrations of centrifugation medium and angular velocities until the desired fractions are obtained.](10.1177_2041731412472690-fig3){#fig3-2041731412472690}

Another density-based method used in laboratory separations is rosetting, which works as a combination between antibody binding and density methods. In this method, unwanted cells are labelled with antibodies that subsequently form complexes with erythrocytes, creating immunorosettes that are much denser than the mononuclear cells of interest. Following centrifugation, these rosettes, containing the labelled unwanted cells, pellet with erythrocytes leaving purified target cells in the mononuclear cell phase.^[@bibr21-2041731412472690]^

Methods that sort cells by density are useful techniques to employ when working with tissues that contain a large number of unwanted cells, for example, blood, bone marrow and adipose tissue. This can be either for the isolation of a heterogeneous mix of cells, which can then be used experimentally, or as a pre-enrichment step prior to sorting by other methods.

Antibody binding {#section5-2041731412472690}
----------------

Antibody-binding methods generally refer to the commonly used techniques of fluorescence-activated cell sorting (FACS) and magnetic-activated cell sorting (MACS).^[@bibr22-2041731412472690][@bibr23-2041731412472690]--[@bibr24-2041731412472690]^ Both technologies utilise the same cellular properties for separation, namely, cell surface antigens against which antibodies are raised. FACS separation relies on the conjugation of fluorescent labels to these antibodies, whereas MACS uses conjugation to iron oxide containing microbeads. Following binding of conjugated antibodies, FACS and MACS proceed down different routes. FACS separation is achieved by laser excitation of the bound fluorophores, with excitation above a threshold level signalling the corresponding cell to be separated ([Figure 4](#fig4-2041731412472690){ref-type="fig"}). MACS requires the cells to be placed in a magnetic field; unlabelled cells are eluted, and labelled cells are retained in the field until they are removed from the magnet, giving the separated populations ([Figure 5](#fig5-2041731412472690){ref-type="fig"}). As such, a key difference between MACS and FACS is that MACS can be seen as a bulk method, there is no individual cell analysis, and magnetically tagged cells are retained and non-tagged cells are eluted. FACS, however, analyses each individual cell, which can be tagged with multiple antibodies, whereas MACS is restricted to individual markers (although some kits use enzymatic removal of the microbeads, allowing the cells to be relabelled with a subsequent antibody). This individual cell analysis means that while FACS can be more specific, it is significantly slower than MACS. Sorting that takes several hours by FACS can be achieved in less than 1 h by MACS.

![Diagram showing cell separation by FACS. Fluorescently labelled single cells from solid or fluid tissues, filtered to remove cell aggregates, are channelled to give a continuous stream of individual cells; (b) these cells then pass through a light source or laser, and the signature of each cell is detected. From this detection, the cells will be determined to be above or below a designated threshold value, and it is decided whether to collect or not collect each cell. (c) This is achieved by electrically charging the droplet each cell is contained within and (d) then by passing it through charged deflector plates that deflect the cells to the appropriate collection tubes.\
FACS: fluorescence-activated cell sorting.](10.1177_2041731412472690-fig4){#fig4-2041731412472690}

![Diagrams showing the common methods used for magnetic cell separation. (a) Tube-based separation where a magnetically labelled cell suspension held in a conical tube is placed in a (1) magnet causing movement of labelled cells to the sides of the tube towards the magnet. This tube is then (2) inverted (or aspirated), allowing removal of the non-labelled cells before (3) resuspension of the labelled cells and removal from the magnet giving (4) a dispersed suspension of labelled target cells. (b) Column-based separation where a magnetically labelled cell suspension is injected into a column held within a magnet, (1) cells then flow through the column and (2) labelled cells are retained, whereas unlabelled cells are washed out. (3) Following the removal of unlabelled cells, the column is removed from the magnet, and suspension buffer is forced through the column by plunger giving labelled target cells in suspension.](10.1177_2041731412472690-fig5){#fig5-2041731412472690}

There are other techniques, in addition to FACS and MACS, that utilise antibody binding to enable cell separation, an example of which is rosetting as previously mentioned. However, this is a relatively old technique, and there are many new technologies being developed, which use antibody or cell--ligand binding as the basis for separation. For example, antibodies, immobilised to polymer surfaces, have been used in a microfluidic system to capture circulating tumour cells from whole blood with subsequent release and enumeration.^[@bibr25-2041731412472690]^ Columns have also been developed with antibody-immobilised surfaces to enrich osteoblastic cells based on CD34 binding.^[@bibr26-2041731412472690]^ Polymer cryogels with large interconnected pores and surface-immobilised protein A ligands have been used to isolate antibody-labelled CD34^+^ umbilical cord blood cells in an affinity chromatography--based separation.^[@bibr27-2041731412472690]^ Other methods in development include magnetophoresis,^[@bibr28-2041731412472690]^ DNA aptamer binding^[@bibr29-2041731412472690]^ and aqueous phase partitioning.^[@bibr30-2041731412472690]^ However, despite the variety of antibody-based methods, for the purposes of this review, FACS and MACS will be focussed on due to the experimental nature of these newer techniques.

Antibody-based methods of separation are currently the gold standard for the selection of individual cell populations, and both FACS and MACS can be used to isolate cell populations to high purity. Despite this, there are still some problems with FACS and MACS such as the reliance on cell surface markers, which, for most researchers, limits separations to those markers for which antibodies are commercially available. It can also cause problems if the cell type of interest does not have unique markers, making the isolation of a homogeneous population difficult. For example, mesenchymal stem cells (MSCs) express markers associated with many other cell types such as CD90, which is also expressed by primitive haematopoietic stem cells.^[@bibr31-2041731412472690]^ In addition, the isolation of a viable homogeneous population of cells that contain a unique intracellular marker can also be problematic, as the permeabilisation steps required to stain the marker can damage cell membranes leading to cell death.

Lab-on-a-chip methods {#section6-2041731412472690}
---------------------

In addition to the traditionally used methodologies for cell separation are several new lab-on-a-chip techniques that operate on a microfluidic scale and utilise a multitude of cellular characteristics to isolate different cell populations in a label-free manner. These techniques are mostly still in the experimental stage, but their development demonstrates the variety of possible ways to separate cells, and they are extensively reviewed by Gossett et al.^[@bibr32-2041731412472690]^ Examples of label-free separation are the use of micro-scale filters or pillars that separate cells based upon size and membrane deformability, as larger cells are prevented from navigating through the filter leading to cell separation.^[@bibr33-2041731412472690]^ Field flow fractionation (FFF) can be used to separate cells along the length of a microfluidic channel by a combination of the parabolic flow within the channel and an external field, such as an electric field or gravity. With FFF, particles that are more greatly affected by the external field are forced closer to the channel wall, which is moving more slowly than the centre of the channel and contains more weakly affected particles. Therefore, cell separation occurs because of the effect of the force on the cells and the speed of elution based on the cells' location in the microfluidic channel.^[@bibr34-2041731412472690]^ Acoustophoresis separates cells based on membrane deformation or elasticity and occurs when a high-pressure sound wave interacts with a cell. This interaction can cause membrane deformation to differing degrees based on the cell's density and size and leads to the cells being positioned in different parts of the microfluidic channel and therefore able to be separated.^[@bibr14-2041731412472690]^ Dielectrophoresis can lead to cell separation due to the differential polarisation of particles within a non-uniform electric field. This dipole effect depends on factors such as size and protein content and leads to the attraction or repulsion of the cell away from or towards an electrode. Due to differences in these factors between different cells, it is therefore possible to exert different effects on different cell types within the same field and allow for cell separation.^[@bibr15-2041731412472690]^

Label-free lab-on-a-chip isolation methods have great potential to improve cell sorting methods both in a research environment and clinically. However, there are still potential problems associated with these techniques, many of which are general cell sorting problems, which can be applied to the commonly used techniques such as cell clusters, and others that are technique specific. One of the largest problems these techniques currently face is resolving the differences between cell types; for example, with dielectrophoresis, it can be difficult to discern the differences between target and non-target cells. However, perhaps the greatest challenge these techniques face is showing great enough efficacy while overcoming the challenges associated with currently used methods.

Overall, the choice of cell separation methodology is very much dependent upon the initial cell source, the characteristics of the desired cell type and its required purity. Adhesion-based techniques are useful if there is little requirement other than the isolation of adherent cells, and the cell of interest will, if necessary, outcompete other cell types. Centrifugation techniques are useful when dealing with samples with large cell numbers, such as blood, but where specificity is not essential, and are also useful as a pre-enrichment step prior to other separation methods. Antibody-mediated separation methods are the gold standard techniques currently available as they can be used to isolate specific cell populations. However, speed can be an issue, as can costs. Potentially, lab-on-a-chip methods will overcome some of the limitations in the currently used techniques, but, as yet, these are experimental and not accessible to the majority of the researchers performing cell sorting.

Clinical cell therapy {#section7-2041731412472690}
=====================

The majority of separations currently performed for clinical cell therapy use cells isolated from tissues such as bone marrow and blood. These separations isolate the mononuclear cells, including the stem cell fraction, and can be used to recapitulate the haematopoietic system of a patient suffering from, for example, chronic myeloid leukaemia, following immune ablation therapy.^[@bibr6-2041731412472690]^ These separations mostly utilise systems based on centrifugation, such as aphaeresis, as these technologies allow for the isolation of the large numbers of mononuclear cells needed for cell transplantation relatively quickly. MACS can also be used for cell therapy, and the clinically approved MACS-based systems use the same technology as research-grade magnetic sorting; however, these systems are closed and use reagents and fluidic tubing produced under good manufacturing practice (GMP) conditions.^[@bibr35-2041731412472690]^ Use of MACS for clinical cell sorting allows for greater specificity than can be achieved by centrifugation; however, per patient, MACS is more expensive than aphaeresis, and so it is used in circumstances where specificity of the isolated cells is important.

Standard FACS-based systems are not in clinical use for cell therapy, although some flow cytometers can be used for clinical diagnostics.^[@bibr36-2041731412472690]^ This is in part due to the difficulty in developing single-use sterile fluidics, the possibility of cross-contamination should multiuse fluidics be employed and problems with batch-to-batch consistency. There are currently methods utilising closed system optical separation in development, but these are not yet in widespread clinical usage.^[@bibr37-2041731412472690]^

Clinical cell separation is an established field, but it has strict requirements, and there are challenges and difficulties to overcome. The major requirement is to ensure that a consistent, sterile cell population is isolated. Microbial contamination of cell separation products could lead to the infection of the recipient patient, who, in many instances, will be immunocompromised and unable to fight the infection. It is therefore imperative that clinical cell separation products are produced under strict GMP conditions with stringent batch testing. Consistency of the isolated cell population is also very important so as to ensure that the recipient receives the required cell transplant. In addition, rigorous tissue typing should be performed prior to transplantation to avoid human leukocyte antigen (HLA) mismatch and prevent problems such as graft-versus-host disease.

At this time, the major challenge for clinical cell separation is the robust isolation of rare cell populations with multiple surface markers from a large initial pool of cells. Currently, technologies based on centrifugation allow for the isolation of cells from a large initial cell number, and technologies based on MACS can isolate specific populations of cells; however, these technologies use single markers meaning that cells of interest with two or more markers cannot be specifically isolated. Development of high-speed optical cell sorters holds great promise, as these systems could have the speed of an MACS-based system, but with the specificity of an FACS system allowing for more than one parameter to be selected.

Terminology and interpretation {#section8-2041731412472690}
==============================

When assessing the efficacy of any cell separation, there are three main considerations to take into account: purity, recovery and viability. Each of these apparently straightforward terms can be ambiguous when used in the context of cell separation and have been described so previously.^[@bibr38-2041731412472690]^ This ambiguity can lead to confusion and difficulties in understanding the data following cell separation. An attempt to update, clarify and define each term is given below.

Purity {#section9-2041731412472690}
------

Purity relates to the enrichment of cells of interest from a heterogeneous population based on known factors, such as cell surface phenotype, which are associated with those cells. From this separated fraction, the percentage of target cells compared to isolated non-target cells can be calculated. The word 'associated' is used in the definition above, as many such characteristics are related to more than one cell type. For example, the CD4 cell surface glycoprotein is strongly associated with T lymphocytes and is also expressed by regulatory T cells (Tregs) and some monocytes.^[@bibr39-2041731412472690],[@bibr40-2041731412472690]^ Indeed, the CD4 T lymphocyte population itself is heterogeneous for several different T-cell subsets such as Th1 and Th2 T-helper cells, memory T cells, naive T cells and effector T cells.^[@bibr41-2041731412472690]^ Therefore, unless the characteristic being selected for is specific to the cell type of interest, 'purity' can be an imprecise term when discussing enrichment. Using CD4 as an example, a separation could yield a 99% 'pure' population of CD4 positive cells, but within this population, there could be a heterogeneous mix of monocytes, Tregs and T lymphocyte subsets at different developmental stages. This difficulty also highlights the importance of a thorough understanding of the original cell population upon which to base the selection criteria. This will be discussed further in section 'Considerations for experimental design' below.

Given the difficulties in defining what 'purity' means in the context of a population of separated cells, it may be more appropriate to qualify purity as 'target cell purity' removing the reliance on the separation characteristic and indicating the need for awareness of the specific characteristics of the target cell. This, nonetheless, maintains the use of the word 'purity', which remains contentious as it implies homogeneity, a term that is difficult to apply to any population of cells due to cell-specific differences in, for example, cell cycle and differentiation. It might therefore be more helpful to use a term relating to the enrichment or depletion of the target cells when defining the outcome of a cell separation.

Recovery {#section10-2041731412472690}
--------

'Recovery' is usually used to describe the percentage of cells that are obtained post sorting compared to the number of total cells or target cells in the original suspension. As such, the recovery, in conjunction with the purity, gives information on the efficiency of the cell separation. There are two potential measurements that can be made relating to recovery: separated cells versus total cell count and separated cells versus target cells in the original cell suspension, which is generally more informative. The former measurement will yield information on the percentage of cells, which have been isolated from the total number of cells, and will provide guidance on the separation efficiency when working with a cell suspension with a well-defined composition. However, the value of this measurement is limited, especially for original cell suspensions with a variable content due to, for example, a disease state. To determine the true separation efficiency, the number of recovered cells must be compared to the number of target cells in the original suspension. It is therefore important to perform analysis on both the cells obtained following separation and the original cell suspension.

'Recovery' in the context of cell separation is therefore ambiguous. Both values described above provide information on recovery, but one details the *overall* recovery, and the other details the recovery of the cells of interest. It might therefore be more appropriate to distinguish the two terms as 'total recovery' and 'target recovery'. Total recovery is useful when a quick figure is needed for a well-defined population such as peripheral blood mononuclear cells from healthy donors, but when there is uncertainty over the constituents of a population, such as in a disease state where population percentages change such as sepsis, target recovery is a much more informative term.^[@bibr42-2041731412472690]^

Viability {#section11-2041731412472690}
---------

The final descriptor of cell sorting efficacy, 'viability', again requires clarification. At its most basic level, viability can be taken to mean 'cells that are not dead'. This descriptor is clearly important as a separation process that does not yield live cells is of little value when the downstream application is a live cell assay or cells for clinical applications. However, the fact that cells are alive does not of itself necessarily meet with the requirements for these applications, for example, senescent cells are also live but do not possess the capability to proliferate or differentiate.^[@bibr43-2041731412472690]^ Such changes or transformations would impair the cell's ability to function in a representative or in vivo manner in in vitro studies and need to be avoided. Therefore, viability in its strictest definition is only an indicator of cell quality after separation; live cell assays will not provide information about cells that are pre-apoptotic, senescent or incapable of differentiation. To measure these parameters, other methodologies must be used such as resazurin for metabolic activity, bromodeoxyuridine (BrdU) for proliferation and in the case of stem cells, colony forming capability.^[@bibr44-2041731412472690][@bibr45-2041731412472690]--[@bibr46-2041731412472690]^ These assays give a more relevant assessment of the ability of the cells to be used in downstream applications, taking into consideration additional factors other than whether the cells are merely alive. It is therefore important that, in addition to assessing viability, the user determines whether the isolated cells are fit for the purpose by performing additional assays.

Taken together, 'purity', 'recovery' and 'viability' appear at face value to be a straightforward set of measurements to perform on separated cells, but there is greater depth to these parameters than is first apparent. If detailed analyses of the purity, recovery and viability are performed, then a picture of the quality of a cell separation can be built up. This not only can provide information on an individual separation but can also be used to validate a separation technique or validate the applicability of a cell source to an individual technique.

Considerations for experimental design {#section12-2041731412472690}
======================================

Initial planning and design is key for any experimental strategy, including cell separation, where many factors must first be considered. These factors impact different stages of the separation procedure, but all share a basic set of preliminary requirements. These are the need for a detailed understanding of the cell and tissue types of interest, knowledge of the potential techniques available and the ability to select the correct methodology to yield the desired cell population.

The reason for this required level of understanding is that one cell separation method may be more suitable than another for achieving a given outcome, and different cells react differently to the same conditions. Current methods for cell separation generally offer a balance between purity and recovery. It is therefore important that the separation protocol is designed with this in mind and tailored to suit the desired outcome. For example, if a large number of cells are required, then percentage enrichment may need to be sacrificed; alternatively, for a highly enriched population, the trade-off may be low numbers recovered. Factors to be considered when designing a cell separation strategy are discussed below.

Cost {#section13-2041731412472690}
----

Cost is a design constraint that is relevant to most separation experiments. Cell separation can be a potentially expensive technology depending on the strategy selected. It may therefore be important to devise a strategy that is not prohibitively expensive by employing cost-saving measures. For example, FACS is a very accurate technique, but it can be slow when sorting rare cells from whole blood, and this consequently increases the running time on the instrument and thus the expense. A way of reducing this time would be to perform an initial erythrocyte lysis step or density gradient centrifugation to remove the erythrocytes, leaving only the mononuclear cells to sort.^[@bibr47-2041731412472690]^ Pretreatment of a sample can thus reduce overall cost and should be considered where cost is an issue.

Receptor stimulation {#section14-2041731412472690}
--------------------

One of the most important prerequisites for successful experimental design is a detailed knowledge of the cell type of interest. This is illustrated by antibody-mediated cell separation, where knowledge of cell surface receptors is very important. The reason for this is that some cell surface receptors, such as CD3, are stimulated upon antibody binding leading to their internalisation with resulting changes in the cell phenotype.^[@bibr48-2041731412472690]^ If the aim of a study was to investigate these changes, it would clearly be desirable to avoid initiating them during the separation stage itself. In this case, it would be advisable to use a strategy whereby all other cell types are depleted leaving the enriched cell type of interest untouched. This separation strategy would then yield enriched cells that have had minimal antibody stimulation and which could then be studied further, the trade-off being a reduction in recovery of the desired cells.

Receptor cleavage {#section15-2041731412472690}
-----------------

Knowledge of the specific characteristics of the cell of interest is also important to ensure that appropriate pre-sorting sample preparation procedures are employed to maximise recovery of that cell type. For example, when dissociating cells from solid tissue, the choice of enzyme is key because certain cell surface glycoproteins such as CD4 and CD133 can be cleaved by (or are predicted to be cleaved by) trypsin.^[@bibr49-2041731412472690],[@bibr50-2041731412472690]^ A detailed knowledge of the biology of the cell and its receptors, therefore, reduces the potential for such marker cleavage and, therefore, the potential for false negatives.

Receptor expression {#section16-2041731412472690}
-------------------

Another potential confounding issue with selection based upon surface markers is their possible weak expression and downregulation, again leading to false negatives. Examples of these include CD19 and CD271.^[@bibr51-2041731412472690],[@bibr52-2041731412472690]^ CD19 is a marker used for the isolation of B cells, but it is not strongly expressed compared to other common lymphocyte markers, such as CD4 and CD8, which have antibody-binding capacities of over four and six times greater than CD19, respectively.^[@bibr51-2041731412472690],[@bibr53-2041731412472690],[@bibr54-2041731412472690]^ Any cell sorting technique that utilises receptor binding, such as immunomagnetic separation, may therefore quickly lead to receptor saturation. This makes downstream analysis difficult as the epitope is no longer available to be bound by fluorochrome-conjugated antibodies, resulting in false negatives by flow cytometry. This issue can be overcome by utilising CD20 as an alternative marker for mature B cells and leukaemic B cells, and this demonstrates the requirement of a detailed knowledge of B-cell surface molecules.^[@bibr55-2041731412472690][@bibr56-2041731412472690]--[@bibr57-2041731412472690]^ Another consequence of low-level receptor expression is subsequent low antigen binding capacities, meaning applications such as immunomagnetic separation may not be as efficient, leading to the requirement to enrich target cells by depleting non-target cells.^[@bibr58-2041731412472690]^

An example of a surface marker that is down regulated is CD271 (also known as low-affinity nerve growth factor receptor), a positive marker for MSCs isolated from several human tissue sources, including bone marrow.^[@bibr59-2041731412472690]^ CD271 is expressed on the cell surface of bone marrow MSCs immediately following isolation and can be used to select for an MSC population. One of the most common methods of MSC isolation is plastic adherence, where the MSC population is included in the cells that adhere to the culture plate plastic. However, this leads to CD271 being downregulated, and as such, CD271 can no longer be used to identify the MSC subset.^[@bibr52-2041731412472690]^ Alternative markers such as CD105 and CD73 must therefore be used, again highlighting the need for detailed knowledge of the target cell's biology.^[@bibr60-2041731412472690]^

Original fraction aliquot {#section17-2041731412472690}
-------------------------

The examples above show the importance of a thorough knowledge of cell surface markers and, indeed, of the cell population in general when designing a cell sorting experimental strategy. A thorough working knowledge of the original cell population is also key to understanding and interpreting data around recovery and enrichment and hence the overall efficiency of a cell separation. It is therefore important to always remove an aliquot of the original cell sample immediately prior to separation as this gives a snapshot of the cells before sorting commenced. This is also important when working with cells from patients with diseases affecting cellular composition, such as sepsis, where expected percentages of cellular subsets can be dramatically different from the accepted norm.^[@bibr42-2041731412472690]^ Having information on the original fraction allows for an accurate assessment of the separation efficiency at its culmination by flow cytometric comparison using both the positive and negative fractions.

Tissue preparation {#section18-2041731412472690}
------------------

The final and perhaps most important consideration for experimental design prior to cell sorting is the time taken for the sample to be prepared following excision and the storage conditions of that sample. Speed of process from tissue to sorted cells is a very important factor to consider when designing an experiment because of cell death over time. Cell viability will begin to fall soon after isolation due to a variety of factors such as enzymatic action and nutrient limitations if the sample is left at ambient temperature.^[@bibr61-2041731412472690]^ Many previous studies such as those by Caviedes-Bucheli et al.^[@bibr62-2041731412472690]^ on dental pulp and D'Armini et al.^[@bibr63-2041731412472690]^ on lung show that if tissue remains in this state for an extended period of time (greater than 24 h), then significant cell death will occur. Previous work has also indicated that for tissue to be considered viable, it must have less than 50% dead cells, which has implications for downstream studies.^[@bibr64-2041731412472690]^ This cell death may affect the quality of the subsequent separation due to dead cell--mediated cell--cell binding and non-specific antibody binding and will necessitate dead cell removal.^[@bibr65-2041731412472690]^ Therefore, it is preferable to work with tissue that has been excised immediately prior to beginning any cell separation.

Effective methods are available to reduce necrosis in excised tissue for short periods where necessary. These are mainly based on temperature, although use of appropriate transport media and oxygenation of the sample can also improve tissue quality prior to dissociation. Tissue maintenance at 4°C is an effective short-term measure to reduce necrosis, although this only delays the degradation and is ineffective over periods greater than 24 h.^[@bibr66-2041731412472690]^ One alternative that is becoming increasingly effective is freezing whole tissue for separation at a later date. This requires effective cryopreservation to reduce cell shearing due to ice crystal growth, and it can still result in a high degree of cell death. Techniques to reduce this are improving steadily, but it is still only recommended when tissue processing within 24 h is not possible.^[@bibr67-2041731412472690],[@bibr68-2041731412472690]^

Choice of an appropriate transport media can significantly improve viability in isolated tissue and cells, with certain media such as Euro-Collins solution and L15M15 medium improving cell viability compared to phosphate-buffered saline.^[@bibr69-2041731412472690],[@bibr70-2041731412472690]^ Increasing numbers of tissue storage solutions, such as those that mimic interstitial fluid, are becoming available.^[@bibr71-2041731412472690]^ These solutions are designed to improve whole organ transplantation, but as they improve cell viability, they will also benefit cell separation applications.^[@bibr72-2041731412472690]^ The choice of media is a tissue-specific consideration with different tissues and cells requiring different media, which is beyond the scope of this review. Oxygenation of media is another means of improving tissue viability in some tissues, for example, human pancreas in cold storage.^[@bibr73-2041731412472690]^

It is worth mentioning that the points above are generic and not tissue specific; each tissue must be considered according to its individual merits and requirements. For example, whole blood may require the use of an anticoagulant, such as heparin, whereas bone marrow does not.^[@bibr74-2041731412472690]^ It is for the user to determine the most appropriate preparatory steps prior to separation. What is common to all tissue types, however, is the fact that even the very best and most efficient cell sorting technique available will always be limited by the quality of the starting sample.

Resolution of methodological difficulties {#section19-2041731412472690}
=========================================

There are several key technical considerations that must be taken into account before performing a successful cell separation, some of which are universally applicable, while others are more specific to immunomagnetic and immunofluorescent cell separation. [Figure 6](#fig6-2041731412472690){ref-type="fig"} gives an overview of potential technical problems at each stage during the separation process.

![Diagram showing an overview of the potential problems at each stage of cell separation: starting tissue, tissue dissociation, post-digestion and antibody labelling. Blue cells are target cells, beige cells are non-target cells and grey cells are dead. Highlighted are some of the potential problems caused by non-specific antibody binding and dead cells.](10.1177_2041731412472690-fig6){#fig6-2041731412472690}

The more universal considerations relate to the quality of the cells, which are being separated, and specifically to the cell isolation process. Antibody-mediated separations also have considerations relating to antibody binding. There can also be specific idiosyncratic problems associated with different commercially available cell separation products such as incubation temperature and supernatant removal, but it is not within the remit of this review to discuss these. Any specific technical issues is best dealt with by the company responsible for the product.

Cell isolation and preparation are essential prerequisites when sorting cells but can be the cause of many technical difficulties when resulting suspensions contain clusters of cells and/or a high proportion of dead cells. For the purposes of this review, we are defining a cell cluster as an association of two or more cells. Cell clusters can arise when working with both solid tissue- and blood-derived cells due to incomplete dissociation or post-dissociative association/aggregation. The presence of cell clusters can result in reduction in isolated cell purity due to co-isolation of non-target cells that are conjoined with the cells of interest or loss of target cells due to their binding with cells that are removed from the suspension as part of the separation process. On a practical level, and especially in the case of flow sorting, some immunomagnetic separations and microfluidic-based techniques, such as dielectrophoresis and FFF, clusters of cells can also block fluid flow and prevent the subsequent separation of remaining cells by preventing them from entering the system.

Tissue dissociation and cell clusters {#section20-2041731412472690}
-------------------------------------

The causes of cell clusters are often incomplete dissociation (mainly via enzymatic digestion) of the tissue or re-establishment of cell--cell contacts between the dissociated cells. In the case of blood, coagulation can cause clustering. Clusters can also be related to dead cells due to release of DNA.^[@bibr75-2041731412472690]^ Apoptotic and pre-apoptotic cells release DNA due to chromosomal fragmentation and necrotic cells by macrophage-mediated action.^[@bibr76-2041731412472690]^ Extracellular DNA has been shown to induce cell aggregation, and it is thought that this is due to DNA-binding domains on the cell surface.^[@bibr77-2041731412472690],[@bibr78-2041731412472690]^ Fortunately, methods for circumventing these pitfalls are relatively simple and easy to implement. Initial tissue disruption by mechanical methods, in general, can improve enzyme digestion due to the increased surface area of disrupted tissue, therefore reducing both the time required for dissociation and potential enzyme-induced cell death.^[@bibr79-2041731412472690],[@bibr80-2041731412472690]^ Ensuring an efficient enzymatic digestion is often dependent upon the choice of enzyme used. The large number of enzymes available for tissue dissociation is beyond the scope of this review; however, most enzymatic digestions can be enhanced by utilising rotation, providing continuous agitation of the suspension.^[@bibr81-2041731412472690]^ This movement can improve both the speed and quality of the digestion reducing the incidence of cell clustering and cell death in a given cell suspension. Other simple methods to ensure achievement of a single-cell suspension include passing the cells through a filter with a pore size of between 30 and 70 µm, thus removing the vast majority of cell clusters, and suspending cells at densities below 1 × 10^6^ cells/mL to reduce the potential for aggregation. However, if the initial digestion is inefficient, this will lead to a potential loss of target cells.

In order to prevent dissociated cells reattaching and forming clusters, it can be beneficial to resuspend cells in buffer without magnesium and calcium ions and containing a chelator, such as ethylenediaminetetraacetic acid (EDTA) to sequester calcium ions that are used in cell--cell contacts.^[@bibr82-2041731412472690]^ This inhibits cells binding and helps maintain a single-cell suspension. In addition to a chelator, the addition of DNase I can reduce clusters by digesting DNA released by dead cells, which can also lead to cell binding.^[@bibr75-2041731412472690]^

Dead cells {#section21-2041731412472690}
----------

Dead cells can be a significant problem with cell separation, and as a general rule, if there are more than 10% dead cells in a given suspension, then steps must be taken to remove them. Below this level, their effect on subsequent separation is, while not ideal, usually acceptable. The reason for the need to remove dead cells from suspension is twofold: (a) dead cells release DNA that aggregates cells and (b) dead cells can bind non-specifically to antibodies leading to false positives.^[@bibr83-2041731412472690]^ The first problem can be resolved by the addition of DNase I as suggested previously, reducing the potential for aggregation. In the second case, while non-specific antibody binding is not restricted to dead cells, it is nevertheless a problem that is strongly associated with them. The problem of dead cells is exacerbated in the case of antibody-mediated cell separation because non-target dead cells will be labelled along with the target population leading to a reduction in the purity of the isolated cells. Binding can be reduced by the addition of a blocking reagent to occupy potential non-specific binding sites, but a more effective method is to remove the dead or dying cells completely with a pre-separation step. There are many different means of identifying dead cells. The more common techniques include labelling with DNA intercalating dyes such as TO-PRO-3, propidium iodide, trypan blue, ethidium homodimer and 7-AAD, and binding of annexin V to phosphatidylserine and labelling with amine reactive dyes such as ViViD.^[@bibr84-2041731412472690][@bibr85-2041731412472690][@bibr86-2041731412472690][@bibr87-2041731412472690][@bibr88-2041731412472690][@bibr89-2041731412472690]--[@bibr90-2041731412472690]^ Flow sorting and immunomagnetic separation are the most common methods to then remove these labelled dead and dying cells, but other techniques are being developed utilising microfluidics and dielectrophoresis to achieve the same depletion.^[@bibr91-2041731412472690],[@bibr92-2041731412472690]^

FcR binding {#section22-2041731412472690}
-----------

Non-specific antibody binding is not only associated with dead cells, but other factors, such as antibody binding to the fragment, crystallisable region-receptor (FcR), excess of antibody and use of indirectly conjugated antibodies and immunomagnetic particles, can also result in non-specific labelling of cells.

Antibody binding to the FcR is a common cause of non-specific binding, generating false positives in antibody-mediated cell separation in consequence. The FcR is a cell surface receptor that recognises the Fc component of antibodies and is part of the immunoglobulin superfamily found on cells of the immune system.^[@bibr93-2041731412472690]^ The resulting recognition event results in formation of an antibody--receptor complex that stimulates an immune response.^[@bibr94-2041731412472690]^ The FcR is different to the other immune system receptors (i.e. T-cell and B-cell receptors) in several ways because it is located on several different haematopoietic cell types such as monocytes and macrophages.^[@bibr95-2041731412472690]^ The other major difference from other receptors is that the FcR recognises antibody, not antigen, recognising all classes of antibody.^[@bibr93-2041731412472690],[@bibr96-2041731412472690]^ FcR--antibody binding leads to the problem of non-specific binding due to FcRs on non-target haematopoietic-derived cells binding free antibody.

The problem of FcR-derived non-specific antibody labelling can cause significant issues with false positives but is relatively straightforward to overcome. FcR blocker is commercially available for use when labelling cells. This blocking reagent is species-specific and binds to the FcR, preventing antibody binding. Blocking reagents can be synthetic or natural; synthetic reagents consist of peptides directed against the FcR, and natural reagents are IgG molecules or antibodies such as anti-CD16 or anti-CD32, which bind to and block the FcR preventing non-specific binding.

Summary and discussion {#section23-2041731412472690}
======================

Currently available strategies for cell separation can yield highly enriched cell suspensions. However, there are potential problems that can impair the overall quality of the separation, and these need to be recognised by the increasingly interdisciplinary user base and addressed where they arise. In addition, experimental planning and terminology need to be carefully considered.

In the initial experimental design and planning stages, it is important to understand what outcomes are going to be assessed, that is, how are purity, recovery and viability being measured? It is important to identify the characteristic which purity is being measured against, which population the recovered cells are being compared to and which measure of viability is being assessed. If these terminological ambiguities are defined prior to beginning the experimental regimen, it can make identifying technical problems easier.

A thorough knowledge of the cell suspension and the cell type to be isolated can vastly improve the quality of a separation. This is particularly important for cell separation based on antibody binding. It is also important to collect samples at key points during the separation process so that the efficiency of the separation can be assessed. This point is related to the terminological considerations, as these data are required to determine the purity, recovery and viability. Perhaps the most important preparatory step prior to separation is the storage of the starting tissue. The key aspect with this is speed of tissue processing, with dissociation and cell separation immediately following tissue excision being greatly preferred. If this is not possible, then various means can be employed to reduce tissue necrosis, the most important of which is temperature.

Technically, there are several factors that can compromise the quality of a cell separation and subsequently the overall data acquired. These factors can be distilled down to two main problems: clusters of cells and false-positive cell sorting. Both of these problems have multiple causes, some of which overlap. The general problems are incomplete tissue digestion, re-establishment of cell--cell contacts, release of DNA by dying cells, non-specific antibody labelling of dead cells and non-specific antibody binding to the FcR. None of these technical problems are insurmountable, but they can lead to significant problems without knowledge and awareness of the issues together with appropriate measures taken to address them.

Overall, it is hoped that this review clarifies terminology, provides guidance to experimental set-up and gives reasons for and solutions to potential problems that can arise during the process of cell separation. We hope that we have achieved our aim of providing the user with an understanding of why certain terminology is used and what it means, why certain aspects of planning and set-up are key to successful separations and what the main technical difficulties that can arise during the process are and how they can be resolved.
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